Bilateral microinjections of lentivirus expressing AT 1A receptors (AT 1A v mice, n ¼ 6) or green fluorescent protein (GFPv, n ¼ 8, control) under the control of the PRSx8 promotor were made into the NTS of AT 1A receptors null mice (AT 1A 2/2 ). Telemetry devices recorded blood pressure (BP), heart rate (HR), and locomotor activity. Expression of AT 1A receptors in the NTS increased BP by 11.2 + 4 mmHg (P , 0.05) at 2 and 3 weeks, whereas GFPv mice remained at pre-injection BP. Ganglion blockade reduced BP to similar levels pre-and post-transfection in GFPv and AT 1A v mice. Greater pressor responses to cage-switch stress were observed following AT 1A receptors expression (+18 + 2 mmHg pre-to +24 + 2 mmHg post-virus, P , 0.05) with similar stress-induced pressor responses pre-and post-virus in GFPv mice. Pressor responses to restraint stress pre-and post-virus were similar in AT 1A v but were 20% less post-GFPv (P , 0.001). The lack of attenuation in BP to restraint was associated with four-fold greater Fos-expression in AT 1A receptors mice. AT 1A receptors expression in the NTS did not alter baroreflex gain differently between groups.
Introduction
The nucleus of the solitary tract (NTS) is a primary integrative brain region that receives direct inputs from baroreceptor afferents as well those from chemoreceptors, cardiopulmonary receptors, and other visceral receptors. 1 The NTS, which is located in the dorsal-medial region mice. 10 Whether the baroreflex inhibition by ANGII during stress occurs at the level of the NTS has yet to be determined. The use of lenti viruses to induce expression of WT AT 1A receptors within specific regions and cell-types of AT 1A 2/2 mice is a novel approach to examining the cardiovascular role of AT 1 receptors in specific regions in the conscious and unrestrained animal. 2, 11 In this study, the PRSx8 promoter is used to provide cell-specific expression. The PRSx8 promoter is a synthetic construct based on the binding motif for the transcription factors phox2a/2b, which is found in the dopamine-beta-hydroxylase promoter. 12 These transcription factors are critical for the expression of the catecholaminergic phenotype 13, 14 and are an appropriate target for transfection of AT 1A receptors since the NTS contains a high population of phox2 containing neurons. 15 However, it is also clear that phox2 is not an exclusive marker for catecholaminergic neurons in the NTS which differs somewhat from other regions. 15 The aim of the present study was to determine the effect of expressing AT 1A receptors in AT 1A 2/2 mice on neurons located in the NTS on the effects of BP, HR, and baroreflex sensitivity before and in response to stress exposure.
Methods

Animals
Experiments were performed on 22 male AT 1A 2/2 mice at 10 weeks of age.
Mice had ad libitum access to water and mouse chow (Specialty Feeds, Glen Forrest, Western Australia, 19% protein, 5% fat, 5% fibre, 0.2% sodium) and were housed individually in a controlled temperature and humidity facility on 
Telemetry surgery
Telemetry surgery was performed in 14 mice in accordance with a previously described protocol. 16 BP telemetry transmitters (model TA11PA-C10; Data Sciences International, St Paul, MN, USA) were implanted under isoflurane open circuit anaesthesia (4% induction and 1.5-2% maintenance). A steady respiration of 60 breaths per min was maintained to monitor isoflurane concentration. The catheter was inserted into the left carotid artery and the transmitter probe was positioned subcutaneously along the right flank.
Telemetric measurement of BP, HR, and locomotor activity
Continuous recordings of systolic, diastolic and calculated MAP, HR, and locomotor activity were made in freely moving mice in their home cage. The recordings were sampled at 1000 Hz using an analogue-to-digital data acquisition card (National Instruments 6024E) as described previously.
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The beat-to-beat arterial pressure and HR were detected on line and analysed later using a program written in Labview. 18 Prior to telemetry recording, animals were housed individually on top of the telemetric receivers for several days to allow environmental adaptation.
Lentiviral stereotaxic microinjection in NTS
The development and production of lentiviruses have been described previously. 11 This study employed two viruses in which transgene expression was under the control of a PRSx8 promoter. The transgenes were green fluorescent protein (GFP) (Lv-PRSx8-GFP; GFPv mice, n ¼ 8) as a control and AT 1A receptors (Lv-PRSx8-AT 1A ; AT 1A v, n ¼ 6). Carprofen (5 mg/kg s.c.) was injected prior to surgery and mice were anaesthetized with a combined injection of ketamine (100 mg/kg), xylazine (10 mg/kg), and atropine (1.2 mg/kg) administered i.p. The NTS was accessed via a midline dorsal incision which allowed visualization of the fourth ventricle after cutting the atlanto-occipital membrane. Four bilateral 25 nL microinjections were made into the NTS using a computer-aided stereotaxic apparatus (Angle Two, Leica, USA) and a time-controlled pressure pump (Pneumatic PicoPump, World Precision Instruments, USA 
Protocol and experimental procedures
After a 10-day recovery period from telemetry surgery, baseline cardiovascular parameters and locomotor activity were recorded across 72 h. Animals were then exposed to feeding, restraint, and dirty cage switch stress for 60 min randomized over three separate days. Following a 24 h recovery, mice were administered the ganglion blocker, pentolinium (5 mg/kg i.p.) to determine the contribution of the SNS to cardiovascular changes observed before and after lentiviral injections. Following a further recovery, 24 h telemetry recordings were collected pre-(week 0) and post-lentiviral microinjections at the end of Week 1, 2, and 3. Animals were then exposed to the same stress tests and again administered pentolinium throughout Week 4. The stress tests were non-aversive stress in the form of presentation of novel, palatable food and the aversive stresses, restraint, and dirty cage switch have been described previously. 10, 19 Novel feeding of an almond investigates the effect of a non-aversive, positive stressor on cardiovascular parameters. Restraint mimics physical and psychological stress 20 with immobilization ensuring locomotor activity is not a contributing factor to cardiovascular responsiveness. Dirty cage switch causes a sustained 60 min pressor response as well as increased locomotor activity. 21 
Immunohistochemistry
Immediately prior to perfusion at the end of Week 4, mice were exposed to 60 min of restraint stress during the inactive daytime period. Mice were then deeply anaesthetized with sodium pentobarbitone (100 mg/kg i.p.) and perfused as described previously. 22 Each third brainstem section was processed for immunohistochemical double staining of tyrosine hydroxylase (TH) to indicate the presence of catecholaminergic neurons and GFP to confirm delivery of the lentivirus. NTS placement was identified using the landmarks of the area postrema ( Figure 1A ). The remaining sections were processed for Fos immunohistochemistry and blind analysis of expression in the caudal ventral lateral medulla (CVLM), rostral ventral lateral medulla (RVLM), NTS, medial amygdala (MeAm), central amygdala (CeAm), paraventricular nucleus of the hypothalamus (PVN), and dorsal medial hypothalamus (DMH) was carried out in up to four sections per animal. 23 Total counts of black-stained nuclei within the known boundaries of the nucleus were recorded. The cardiac baroreflex sensitivity was estimated using two non-invasive techniques, cross-power spectra in the mid-frequency (MF) and the sequence technique using data periods with low locomotor activity (usually 2 from each circadian period) from 48 h recordings minimizing the influence of physical activity. Beat-to-beat data were analysed to calculate power spectra for low-frequency (0.08-0.3 Hz, LF), MF (0.3 -0.5 Hz), and high-frequency (0.5 -3 Hz, HF). The cross-power spectra estimated the cardiac baroreflex sensitivity as the average value of the transfer gain in the MF band between 0.3 and 0.5 Hz. 25 The baroreflex slope was considered significant if the coherence between MAP and HR across several overlapping segments in the analysed frequency band was .0.4. The sequence technique was also used to calculate spontaneous baroreceptor reflex gain at rest and during stress. 18 The sequence technique calculated the spontaneous baroreceptor reflex as the slope of the regression lines between MAP and HR, with a delay of four heartbeats. 25 Sequences with at least three intervals (.0.3 mmHg MAP changes, .1 b.p.m. HR changes) were analysed only if the correlation coefficients were .0.85. Spontaneous baroreflex slope was calculated as the mean value of the significant slopes obtained. A third-order polynomial smoothing function was used to reduce the contribution from respiration. 25 The baroreflex activation index was calculated as the ratio of baroreflexdependent sequences (+/2 and 2/+) divided by the total number of sequences.
In vitro autoradiography
25 
Statistical analysis
Cardiovascular data were expressed as mean + SEM. The data were analysed by a two factor split-plot analysis of variance (ANOVA) which allowed for within animal and between animal contrasts. For control pre-viral injections, the between groups sums of squares was partitioned into main effects of groups (GFPv vs. AT 1A v), virus (Week 0 vs. Week 3), or stress (rest vs. stress) and their interaction (groups × virus or groups × stress). For data measured only at Week 4 (e.g. Fos), the between group main effect was used to indicate the effect of the AT 1A receptors. Factors and interactions were deemed significant when P , 0.05 after adjustment by the Greenhouse-Geisser co-efficient.
Results
Immunohistochemical analysis
Microinjections of GFPv resulted in strong expression of GFP in ventral regions of the NTS. Detailed counts throughout the NTS showed that 22 + 4% of TH-immunoreactive cells expressed GFP and 13 + 2% of GFP expressing cells were TH-immunoreactive ( Figure 1B ).
Autoradiography analysis
Using in vitro autoradiographic methods, it was possible to detect AT 1 receptors expression in the NTS of both WT ( Figure 1D , upper panel) and also AT 1A v mice ( Figure 1D , middle panel). The binding was displaced by co-incubation with the AT 1 receptors antagonist, losartan ( Figure 1D , lower panel) with the difference used to calculate the degree of specific AT 1 receptors transfection. The control WT NTS had 100 + 10 AU (six observations) while in the AT 1A v injected mice the density was 80.2 + 18 AU (12 observations) corresponding to 80%.
Cardiovascular measurements and locomotor activity
There was no change in MAP (n ¼ 8, P ¼ 0.11, Table 1 ), HR or activity in the GFPv mice over the 3-week period following NTS microinjection. In AT 1A v mice, MAP increased over the 3-week period (n ¼ 6, P ¼ 0.003, Table 1 ) although this change was not observed in the first week following lentiviral injection (P ¼ 0.66, Figure 2 Figure 2 ). This reversal in HR was consistent over the night and day time (P ¼ 0.74, Figure 3 ). Although there was no difference in activity from Week 0 through to the third week post-injection within both groups (P . 0.07 for both, Figure 2 ), the change in activity was different between AT 1A v compared with GFPv at Week 3 (P ¼ 0.02). Body weight was not different between groups throughout the study (P . 0.05 for all, Figure 2) . Analysis of the hourly changes in MAP, HR, and activity over the 24 h showed that the elevated MAP observed in the AT 1A v mice occurred equally during the day and night periods (P ¼ 0.76, Figure 3 ). There were no other indications of effects of viral injections in the circadian patterns in HR or activity (Figure 3 ).
Ganglion blockade
Pentolinium (5 mg/kg i.p.) induced a rapid and sustained decrease in MAP and HR (Figure 4 ). There were no differences in the magnitude of the MAP or HR or locomotor responses to pentolinium in AT 1A v or GFPv (P . 0.12 for all) when compared with pre-lentiviral injection responses.
Cardiovascular variability
Prior to viral injections (Week 0) and after (Week 3) power spectral analysis was performed to assess BP and HR variability. During the daytime inactive period, the MF (autonomic) and HF (respiratory) MAP power of AT 1A v (n ¼ 6) was reduced at Week 3 compared with the trend in GFPv (n ¼ 7) mice (P Week× Group ¼ 0.027, 0.037, respectively, Supplementary material online, Table S1 ). There was no overall effect of week (P ¼ 0.32, Supplementary material online, Table S1) or group (P ¼ 0.61). There was also a decrease in the MF of HR in the AT 1A v compared with the increase over time in GFPv mice (P Week× Group ¼ 0.047, Supplementary material online, Table S1 ).
During the active period the MAP at all frequency bands was generally similar between groups and over time (P . 0.11) with the exception that HF power was greater in the AT 1A v group, but this was not an effect of the AT 1A receptor transfection as such as there was no group × week interaction. HR power increased in all groups between Week 0 and Week 3 (P , 0.021 for all, Supplementary material online, Table S2 ).
Cardiac baroreflex sensitivity
At Week 3 following viral injection, baroreflex gain, as determined by sequence analysis was greater than Week 0 in both GFPv (n ¼ 8) and AT 1A v mice (n ¼ 6) during both active and inactive period (P , 0.001, 
Figure 5).
As there was no effect of either group (P ¼ 0.38) or interaction, (P ¼ 0.75), this suggests simply an effect over time and not related to transfection of AT 1A receptors. Cross-spectral analysis of baroreflex gain of BP and HR signals during the active period showed a similar pattern. There was an increase in the gain in both groups following viral injection resulting in an effect of virus (P ¼ 0.01, Figure 5 ) but no effect of group (P ¼ 0.06) or interaction (P ¼ 0.82). However, during the inactive period, baroreflex gain was similar before and after viral transfection, between groups and there was no interaction indicating an effect of AT 1A receptor transfection (P . 0.05 for all, Figure 5 ).
Cardiovascular response to 60-min of dirty cage switch stress
Dirty cage switch induced a pressor and tachycardic response in both groups, before and after virus injection ( Figure 6 ). There were greater pressor responses following expression of AT 1A receptors (24 + 2 mmHg post-virus compared with 18 + 2 mmHg pre-virus, n ¼ 6, P ¼ 0.01), but there was no difference in GFPv mice (n ¼ 8, P ¼ 1.4). Tachycardic responses to dirty cage switch stress were increased by AT 1A receptor (P ¼ 0.04) but not with GFPv expression (P ¼ 0.12) and locomotor activity was unaltered in either group (P . 0.08 for both).
Cardiovascular response to 60 min of restraint stress
Sixty minutes of restraint stress elicited a pressor and tachycardic response in GFPv and AT 1A v mice, pre-and post-virus injection ( Figure 6 ). There was no difference in the pressor response post-AT 1A receptor expression (n ¼ 6, P ¼ 0.19), but there was a 20% reduction in the MAP response post-GFP expression when compared with preexpression (29 + 2 to 24 + 1 mmHg, n ¼ 8, P , 0.001). Before AT 1A receptor expression, the HR response to restraint stress was increased from 212 + 10 to 241 + 9 b.p.m. post-expression (P ¼ 0.02). There was no change in the HR response of GFPv mice (P ¼ 0.28) and locomotor activity response was reduced following GFP expression (P ¼ 0.04) but unaltered in mice expressing AT 1A receptors (P ¼ 0.23).
Cardiovascular response to 60 min of feeding
A positive (non-aversive) eating stimulus caused a pressor and tachycardic response in GFPv and AT 1A v mice, pre-and post-virus injection ( Figure 6 ). Following AT 1A receptor expression in the NTS, the pressor response to eating was attenuated (n ¼ 6, P ¼ 0.002), while there was no effect of GFP expression (n ¼ 8, P ¼ 0.11). HR responses were reduced in GFPv mice, pre-241 + 15 to 159 + 12 b.p.m. post-GFP expression (P , 0.001). Similarly, HR responses were also reduced in AT 1A v mice pre-275 + 11 to 175 + 12 b.p.m. post-AT 1A v receptor expression (P , 0.001). The locomotor activity response to feeding was reduced following AT 1A receptor expression (P ¼ 0.002), GFPv mice showed a similar decrease following viral injections (P ¼ 0.03).
Cardiac baroreflex sensitivity during dirty cage switch stress
Baroreflex gain was similar at rest in the AT 1A v mice (n ¼ 6) and in the GFPv mice (n ¼ 8) (P ¼ 0.72). During dirty cage switch stress baroreflex gain was attenuated compared with resting in both groups (P , 0.001, Supplementary material online, Figure S1 ), but there was no effect of group (P ¼ 0.32) or a group × stress interaction (P ¼ 0.14). Dirty cage switch stress increased the number of baroreflex-dependent sequences compared with resting in both GFPv and AT 1A v mice (P , 0.001, Supplementary material online, Figure S1 ) and there was a difference between groups (P ¼ 0.02) and borderline stress by group interaction (P ¼ 0.05). The baroreflex activation index was reduced during dirty cage switch stress compared with rest in both groups (P , 0.001, Supplementary material online, Figure S1 ), but there was no effect of group (P ¼ 0.35) and no stress by group interaction (P ¼ 0.59).
Cardiac baroreflex sensitivity during restraint stress
Baroreflex gain was similar at rest in the AT 1A v mice (n ¼ 6) and in the GFPv mice (n ¼ 8) (P ¼ 0.20). During restraint stress baroreflex gain was attenuated compared with resting in both groups (P , 0.001, Supplementary material online, Figure S2) , there was no effect of group (P ¼ 0.28) and there was no group by stress interaction (P ¼ 0.50). Restraint stress reduced the number of baroreflex-dependent sequences compared with resting in both GFPv and AT 1A v mice (P , 0.001, Supplementary material online, Figure S2 ), but there was no effect of group (P ¼ 0.45) and no stress by group interaction (P ¼ 0.45). The baroreflex activation index was reduced during restraint stress compared with rest in both groups (P , 0.001, Supplementary material online, Figure S2 ), but there was no effect of group (P ¼ 0.24) or a stress by group interaction (P ¼ 0.20).
Fos immunohistochemical analysis following restraint stress
Mice expressing AT 1A v had greater levels of neuronal activation as detected by Fos immunohistochemistry in forebrain regions (PVN, DMH, MeAm, CeAm) and in the brainstem (NTS, CVLM, RVLM) compared with control mice expressing GFPv (P , 0.01 for all regions, Figure 7 ).
Discussion
The present study used a novel method of viral expression to transfect AT 1A receptors into neurons located within the NTS of AT 1A 2/2 mice.
The key findings from this study were that mice transfected with AT 1A receptors showed a sustained elevation in BP that was evident only at the end of Week 2 and remained elevated for a period of 3 weeks. In contrast control mice, transfected with GFP, remained at their pre-injection BP over the same period. Our data suggest that the increased BP was independent of the SNS given that ganglion blockade produced comparable hypotensive effects in both groups at all times. AT 1A v mice also had a greater pressor response to aversive stressors (dirty cage switch and restraint) relative to the trends observed in GFP mice. The greater pressor response was associated with marked activation of forebrain and hindbrain regions as assessed by Fos-immunohistochemistry. In contrast, the pressor response to appetitive arousal (feeding) of AT 1A v mice was less than those observed in GFPv mice. Lastly, baroreflex gain was similar in AT 1A v and GFPv mice. Taken together these results suggest that AT 1A receptors located in the NTS elevate BP independent of the SNS and increase pressor response to aversive stimuli via a mechanism involving greater activation of forebrain regions. Impaired SNS activity has been implicated in neurogenic forms of hypertension. 26 The NTS is an integrative site for baroreceptor and chemoreceptor inputs that modulate BP through altering the SNS. 27, 28 Therefore, it would typically be expected that increases in BP due to transfection of AT 1A receptors into the NTS would involve activation of the SNS. However, the similar hypotension produced by ganglionic blockade suggests that the SNS did not contribute to the sustained elevation of BP that was observed in AT 1A v mice. In support of this, there was no difference in the hypertension during the inactive or active periods; when greater SNS activation occurs during arousal or awakening in the day for humans and at night for rodents. 29, 30 Furthermore, spectral analysis of BP variability showed no difference in the MF MAP power during the active period. This peak is closely related to the level of sympathetic activity 31 and is elevated in the Schlager neurogenic hypertensive mouse where an overactive SNS is the cause of the hypertension. 22 Transfection of AT 1A receptors in the CVLM reduced MF MAP power suggesting AT 1A receptor activation in the CVLM inhibits sympathetic activity. 32 Thus, there is no evidence to suggest that the SNS contributes to the sustained elevation in BP observed in AT 1A v mice and the underlying mechanism remains unclear. Notwithstanding, AT 1A 2/2 mice are characterized as having low BP 9 and our study demonstrates that the transfection of AT 1A receptors in the NTS that can be activated by endogenous ANGII, causes a sustained elevation in BP thus partially restoring the phenotype towards normal. A recent study by Freiria-Oliveira et al. has shown that transfection of a macrophage migration inhibitory factor into the NTS, which is an endogenous antagonist of angiotensin, decreases BP and restores the baroreflex in SHR. 33 These novel findings suggest that activation of RAS at the level of the NTS can chronically increase BP which is consistent with the current study. Expression of AT 1A receptors in the NTS increased pressor responses to aversive stress relative to GFPv mice. Although AT 1A v mice did not show a difference in pressor responses pre-and posttransfection to restraint stress, GFPv mice had a decreased pressor response suggesting AT 1A receptors may inhibit habituation to restraint stress. In contrast AT 1A receptors in the NTS reduced MAP and HR responses to the positive-appetitive stimulus (feeding) suggesting that effects of AT 1A receptor expression in the NTS of AT 1A 2/2 mice are specific to aversive stimuli which is consistent with previous studies. 34 The surprising finding was that immediately after restraint stress AT 1A v mice had markedly greater activation as detected by Fos in all assessed brain regions. These regions include the MeAm, CeAm, PVN, and DMH which are known to be involved in mediating the behavioural, hormonal, and cardiovascular responses to stress. Similarly, AT 1A 2/2 mice have been found to have an attenuated pressor response to dirty cage switch stress with less Fos-immunoreactivity in the PVN, DMH, and RVLM. 10 Direct anatomical connections from the NTS to the hypothalamus and amygdala 35 suggest that AT 1A receptors on neurons located in the NTS magnify the degree of forebrain activation induced by stress. Even though there were only slight effects on BP and HR responses, the marked increase in forebrain Fos counts following stress suggests the possibility of amplified activity arising from NTS projections that may also be responsible for the long-term elevation of BP.
As this appears to be independent of the SNS, one possibility is that this may occur via an over-activation of the hypothalamic pituitary axis. In support of this, Blanch et al. 36 have shown a major inhibitory pathway from the NTS to vasopressin neurons in the PVN. Also, Buller and Day found that catecholamines in the NTS mediate interleukin-1b induced activation of hypothalamic corticotropin releasing factor cells and release of ACTH into plasma. 37 Transfection of AT 1A receptors in the CVLM showed similar patterns of Fos activation, where all the forebrain regions had marked activation but instead this was accompanied by reduced pressor responses to aversive stress. This was described as a sympatho-inhibitory mechanism via C1 catecholaminergic neurons in the CVLM. 32 Therefore, the similar pattern of forebrain activation and marked activity in the CVLM gives rise to the possibility that AT 1A receptors in the NTS project to the CVLM to induce a sympatho-inhibitory response to stress. In support of this Lohmeier et al. 38 showed that ANGII infusion in anaesthesized dogs resulted in greater activation of the NTS and CVLM but not in RVLM neurons, suggesting decreased activation of sympatho-excitatory cells. Activation of the PVN, DMH, and MeAm by stress was two-fold greater with AT 1A receptor expression in the NTS than seen after CVLM transfection which may explain the increased pressor response after NTS transfection and a decrease in the pressor response after CVLM injection. It is probable that the considerably greater forebrain activation could overcome the CVLM sympatho-inhibition. An important but unexpected finding was that transfection of AT 1A receptors in the NTS did not alter spontaneous cardiac baroreflex sensitivity during the inactive and active phase. Tan et al. 39 found contrasting results when modulatory effects of circulating ANGII on the cardiac baroreflex were reduced by microinjections of candesartan, an AT 1 receptor antagonist, into the medial NTS. It is possible that inhibition of the baroreflex reported in previous studies 39, 40 occurs via activation of
